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’ INTRODUCTION

While relatively few elements of the periodic table find
biological use, yet fewer participate in physiological electron
transfer (ET) reactions; here, iron and copper are the main
players.1 Iron is typically suited for its roles in biological ET by
incorporation into porphyrin cofactors or assembly into inor-
ganic iron�sulfur clusters. These modalities of iron binding
allow for efficient electron transfer via the FeIII/II couple with
reduction potentials tuned across a very large window. Side-
chain-ligated copperII/I active sites also span a wide potential
range, due to the key role played by noncovalent interactions
between outer-sphere residues and the metal center.2,3

Protein copper sites have been classified according to their
spectroscopic and reactivity properties. Type 1 copper ET
proteins feature hydrogen-bonded cysteine thiolate ligation that
gives rise to unique spectroscopic and reactivity properties.4,5

Specifically, this highly covalent (∼40% Cu character) CuII�S-
(Cys) bond is responsible for an intense (ε ≈ 5000 M�1 cm�1)
ligand to metal charge transfer (LMCT) band in the optical
absorption spectrum as well as unusually narrow hyperfine
splitting (A ) ≈ 5 mK) in the CuII EPR spectrum. A complex

network of hydrogen bonds linking inner and outer coordination
spheres (the “rack”) confers a low reorganization energy on type 1
copper sites.6,7 Together, the high coupling through the thiolate, a
low reorganization energy, and widely tunable reduction poten-
tials of type 1 copper sites make for efficient, versatile ET domains
that are essential components of diverse processes such as
photosynthesis,8 dioxygen activation,9�11 and nitrogen cycling.12

We have recently reported the construction and characteriza-
tion of a novel copper binding site within mutated Pseudomonas
aeruginosa azurin that demonstrates EPR spectroscopic proper-
ties of type 1 copper and exhibits enhanced ET reactivity over
type 2 or “normal” copper (characterized by weak visible
absorption, A )≈ 15 mK);5 we named this the “type zero copper”
binding site.13,14 In short, type zero sites arise when C112 is
replaced by aspartate and M121 is substituted by noncoordinat-
ing amino acids (L, F, I); this leads to adoption of tetrahedral site
geometry as the CuII interacts more strongly with the backbone
carbonyl of G45 (CuII�O(G45) = ∼2.4 Å). This structural
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ABSTRACT: Type zero copper is a hard-ligand analogue of the classical
type 1 or blue site in copper proteins that function as electron transfer (ET)
agents in photosynthesis and other biological processes. The EPR spectro-
scopic features of type zero CuII are very similar to those of blue copper,
although lacking the deep blue color, due to the absence of thiolate ligation.
We have measured the rates of intramolecular ET from the pulse
radiolytically generated C3�C26 disulfide radical anion to the CuII in
both type zero C112D/M121L and type 2 C112D Pseudomonas aeruginosa
azurins in pH 7.0 aqueous solutions between 8 and 45 �C. We also have
obtained rate/temperature (10�30 �C) profiles for ET reactions between
these mutants and the wild-type azurin. Analysis of the rates and activation
parameters for both intramolecular and intermolecular ET reactions
indicates that the type zero copper reorganization energy falls in a range
(0.9�1.1 eV) slightly above that for type 1 (0.7�0.8 eV), but substantially
smaller than that for type 2 (>2 eV), consistent with XAS and EXAFS data that reveal minimal type zero site reorientation during
redox cycling.
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rearrangement propagates to D112, which rotates to a decidedly
monodentate coordination configuration, with the noncoordi-
nating oxygen positioned to hydrogen bond with the amide
protons of N47 and F114. We suggested that the restoration of
the “rack” hydrogen-bond network enhances the ET reactivity
of type zero copper over that of the type 2 C112D protein.
Comparison of rates of ET from azurins to self-assembled
monolayer (SAM) modified Au electrodes supports this claim,
as there is an order of magnitude rate increase on going from type
2 to type zero copper.14 Such a result has interesting implications
for designed ET architectures in polypeptide matrices, especially
considering the importance ascribed to thiolate ligation for
copper-based ET reactivity. To this end, we have investigated
both inter- and intramolecular ET reactions of type zero copper
to determine both coupling and reorganization parameters with-
in this system. We also report spectroscopic and structural data
for type zero CuI azurin.

’MATERIALS AND METHODS

Materials. All chemicals were used as obtained. Milli-Q water (18.2
MΩ) was used in the preparation of all buffers and solutions.
Protein Expression and Purification. Both C112D and

C112D/M121L P. aeruginosa azurins were expressed and purified as
published previously.14 As recombinantly expressed azurins are isolated
with a substantial ZnII population,15,16 this material was reserved and
purified separately. The wild-type (WT) protein was expressed in a
similar fashion, but was purified by a divergent procedure; following
isolation from cellular debris, 1:10 volume of 100mMCuSO4 was added
to the periplasmic fraction. Metalation was allowed to proceed for 30
min, after which time 1:10 volume of 500 mM ammonium acetate pH
4.5 was added to the solution and the pHwas adjusted to 4.6 using glacial
acetic acid. Acid-precipitated contaminants were removed by centrifuga-
tion. The crude blue solution was repeatedly concentrated in an Amicon
cell fitted with a YM-10 membrane and diluted with 50 mM ammonium
acetate at pH 4.5 to remove low-molecular weight contaminants and
adjust the ionic strength of the solution. This material was applied to a
HiLoad SP Sepharose 26/10 FPLC column and eluted by a pH gradient
using 50 mM ammonium acetate at pH 9.0. Portions of this material
were then dialyzed against 100 mM potassium phosphate, containing
500 mM potassium cyanide, at pH 8.0 to remove contaminating ZnII.
Cyanide was removed by repeated dialysis against 50mMTris at pH 7.5.
The holoprotein was reconstituted by two 1 h dialyses against 50 mM
Tris pH 7.5 containing 10 mM CuSO4. Excess Cu

II was removed by
dialysis against 15 mM sodium acetate at pH 4.6. Protein was purified to
homogeneity on a MonoS 10/10 cation exchange column by a gradient
from 15 to 300 mM sodium acetate at pH 4.6.

P. aeruginosa cytochrome c551 (cytc) was expressed recombinantly in
dual-transformed E. coli BL21(DE3): one plasmid contained the peri-
plasmically tagged cytc gene, while a second plasmid bore eight genes to
facilitate protein biosynthesis.17 A 50 mL starter culture in Lur-
ia�Bertani (LB) medium was incubated with shaking for 24 h at
37 �C. This culture was harvested, resuspended in Terrific Broth
(TB) medium, and added to 6 L of TB medium (3 � 2 L cultures in
6 L Erlenmeyer flasks). The expression culture was incubated at 37 �C
with shaking for 15 h. Protein was extracted, following culture harvesting
and osmotic shock. The extract was concentrated in an Amicon cell fitted
with a YM-10 membrane and exchanged into 10 mM Tris at pH 7.6 by
repeated dilution/concentration cycles. The solution was then loaded
onto a batch column packed with DEAE Sepharose FF; protein was
eluted with a stepwise gradient from 10 to 40 mM Tris at pH 7.6. The
solution was acidified with glacial acetic acid to pH 4.0, and the resulting
precipitate was isolated by centrifugation. Buffer was then exchanged to

25 mM sodium acetate at pH 4.0 with a desalting column. This solution
was loaded onto a HiLoad 26/10 SP Sepharose FPLC column and
eluted by a pH gradient from 4 to 7.

All proteins were determined to be homogeneous by silver-stained
PAGE. Identities were verified by UV/vis (cytc) and ESI-MS.
Stopped-Flow Kinetics. Kinetics data were collected on an

Applied Photophysics SX20 stopped-flow spectrometer equipped with
a photodiode array detector and a thermostatted circulating water bath
under constant argon sparge. The instrument was flushed with dithionite,
followed by deoxygenated buffer prior to data collection. WT azurin was
reduced by incubation for approximately 1 h in a solution of 40 mM
sodium ascorbate in 100 mM sodium phosphate at pH 8.0. Reduced
protein was subsequently exchanged into experimental buffers by a PD-
10 desalting column in an anaerobic chamber and inserted into a glass
tonometer that was then sealed from the atmosphere. Excess oxidized
mutant azurins were mixed with reduced WT protein. Measurements
were repeated at least three times at each concentration of oxidized
protein. Data were collected at 5 �C intervals from 10 to 30 �C.
Temperatures were allowed to equilibrate for 10 min prior to measure-
ments. 1024 data points were collected on a logarithmic time scale. Data
were analyzed by direct numerical integration and nonlinear least-squares
fitting of a bimolecular, reversible process, using the Kintecus package.18

In this approach, the forward rate constant and the initial concentration
of WT azurin were optimized. Five half-lives of absorbance data at
630 nm were fit directly, with conversion to concentration using ε630 =
5700 M�1 cm�1.19 An offset was included in the fitting procedure that
accounted for lamp intensity (baseline) drift between data sets. The
reverse rate constant was maintained at the value calculated from the
forward rate constant and the equilibrium constant. Acceptable fits to the
integrated bimolecular reversible reaction, with the assumed equilibrium
constant, were achieved by optimizing the initial concentration of WT
azurin (the limiting reactant); this value was found to vary∼15% through
fitting of each data set. The values obtained by optimization were within
25% of the values estimated using ε280 = 8800 M�1 cm�1.
X-ray Absorption Spectroscopy. CuI K-edge X-ray absorption

spectra (XAS) including extended X-ray absorption fine structure
(EXAFS) were collected at the Stanford Synchrotron Radiation Light-
source at beamline 9-3 under ring conditions of 3 GeV and 200 mA. A
Si(220) double-crystal monochromator was used for energy selection,
and a Rh-coated mirror (set to an energy cutoff of 13 keV) was used for
harmonic rejection. Internal energy calibration was performed by
assigning the first inflection point of a Cu foil spectrum to 8980.3 eV.
Following reduction in a fashion similar to stopped-flow samples,
proteins were exchanged into 50 mM HEPES at pH 7.0 containing
40% glycerol. Proteins were loaded into 2 mm Delrin XAS cells with
38 μm Kapton windows and glassed by rapid immersion in liquid
nitrogen. Data were collected in fluorescence mode (using a Canberra
Ge 30-element array detector) with the sample maintained at 10 K in an
Oxford liquid helium flow cryostat. Data were collected from 8900 to
9857 eV (k = 15 Å�1). Ten scans were averaged and processed using
the MAVE and PROCESS modules of the EXAFSPAK20 software
package. Background subtractions were achieved using PYSPLINE.21

XRD coordinates for C112D/M121L azurin (PDB ID: 3FPY) were
used to generate models for path calculation by FEFF7.22,23 Relevant
paths were then optimized by least-squares fitting in the OPT package of
EXAFSPAK.
Pulse Radiolysis. ET kinetics measurements were performed using

the pulse-radiolysis (PR) system based on the Varian V-7715 linear
accelerator at the Hebrew University in Jerusalem, Israel, employing 5
MeV accelerated electrons. All experiments were performed under
anaerobic conditions between 8 and 45 �C at pH 7.0 in nitrous oxide
saturated solutions containing 100 mM formate and 10 mM phosphate.
Protein concentrations were in the range 40�60 μM. Pulse widths of
0.3 μs were used, yielding ∼4�5 μM CO2

� radicals, as determined by
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independent dosimetry measurements. A 1� 1 cm Suprasil (HELLMA)
cuvette was used, with three light passes that result in an overall optical
path length of 3 cm. A 150 W xenon lamp produced the analyzing light
beam together with a Bausch & Lomb double grating monochromator.
An appropriate optical filter with cutoff at 385 nm was used to reduce
photochemical and light scattering effects. The data acquisition system
consisted of a Tektronix 390 A/D transient recorder attached to a PC.
The temperature of the reaction solutions in the cuvette was controlled by
a thermostatted circulating system and was continuously monitored by a
thermocouple attached to the cuvette. Reactions were generally per-
formed under pseudo-first-order conditions, with at least a 10-fold excess
of oxidized protein over reducing radicals. In each experiment 2000 data
points were collected, divided equally between two different time ranges.
Usually the processes were recorded over at least three half-lives. The
formation and decay of the RSSR� radical was followed at 410 nm (ε410 =
10 000 M�1 cm�1).24 Each individual measurement was repeated at least
three times at each temperature, with data collection repeated at least four
times. The data were analyzed by fitting to a sum of exponentials using a
nonlinear least-squares program written in MATLAB.

’RESULTS

Spectra and Structures. XAS of C112D and C112D/M121L
azurins were recorded at 10 K in pH 7.0 buffered solution

(Figure 1). Previous analysis of the CuI X-ray absorption near
edge spectrum (XANES) of C112D azurin compared the energy
and intensity of the∼8985 eV pre-edge feature to corresponding
values for three- and four-coordinate model complexes.25 This
feature in the C112D/M121L pre-edge spectrum is shifted
roughly to 1 eV higher energy (from 8985.7 to 8986.6 eV), with
a concomitant decrease in intensity. It is likely that CuI in
C112D/M121L azurin retains all four ligands during redox
cycling in contrast to C112D, which was shown to undergo
ligand loss upon reduction of CuII to CuI.25

In the same study, an analysis of C112D azurin EXAFS
indicated a 0.2 Å expansion of the Cu equatorial ligands upon
reduction to CuI. EXAFS data for CuI C112D/M121L azurin
were collected to k = 15 Å�1, although signal-to-noise precluded
fitting beyond 14.5 Å�1 (Figure 2). Data were fit to models of
increasing complexity (Table 1). Repeated attempts to force
coordination spheres with four equidistant ligands resulted in
dampedDebye�Waller coefficients and degraded F-factors. Best
fits were achieved by explicitly modeling the CuI�O(G45) and
CuI�Oε2(D112) pairs as distinct scattering paths.
Our data indicate only minor changes to the crystallographi-

cally determined and EXAFS-verified CuII structure. The largest
of these appears to be an expansion of the Cu�O(G45) axial
interaction from 2.35 to 2.45 Å. This bond lengthening suggests
an electrostatic component to this interaction that is mitigated
upon reduction of the Cu charge from þ2 to þ1. No significant
changes in the Cu�N/O bond distances of the equatorial ligand
set were found. These studies suggest that the higher ET
reactivity of C112D/M121L azurin relative to C112D is attribu-
table to lower active site reorganization during redox cycling.
Reactivity. ET kinetics data were obtained from stopped-flow

mixing experiments in which oxidized C112D and C112D/
M121L azurins were mixed with the reduced wild-type protein
(Figure 3). Direct measurements of electron self-exchange (ESE)
values by a standard NMR method were not possible, due to the
longer electron spin relaxation time of type 2 copper;26 further-
more, low extinction coefficients led to unacceptable uncertainty
in the determination of concentrations required for analysis.27,28

Equilibrium constants were calculated using the 298 K reduc-
tion potentials of C112D (180 mV) and C112D/M121L (281
mV) azurins determined as described previously3 by redox
titrations with cytochrome c551 (Figure S1) and a value of 304

Figure 1. Cu K-edge X-ray absorption spectra of CuI C112D (black)
and C112D/M121L (red) azurins in glassed pH 7.0 aqueous solution at
10 K. Normalization error is estimated to be ∼5%.

Figure 2. EXAFS of CuI C112D/M121L azurin in pH 7.0 glassed aqueous solution at 10 K. The red traces correspond to experimental data, while gray
dashed traces represent simulated data from fit number 9 (Table 1).
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mV for WT azurin.19 These solution measurements were found
to be more precise than electrode measurements, and it should
be noted that the values obtained by this technique are within
error of previously published values. These potentials give
equilibrium constants at 298 K for the reduction of C112D by
WT of 0.0082 and for the reduction of C112D/M121L of 0.41.
To ascertain pseudo-first-order kinetic conditions, excess con-

centrations of the mutant azurins were mixed with WT protein.
Because of the fast reaction times, lower concentrations of
C112D/M121L azurin were required. Under certain conditions,29

the time courses may be described by single exponentials; how-
ever, such conditions were not met by all of the entire data sets.
As such, data were fit by nonlinear least-squares to a numerically
integrated second-order rate expression (Figure 3). Reactions
were assumed to be fully reversible on the experimental time scale
based on electrochemical data.14 Studies of the reverse reaction
were not pursued on account of metal loss during reduction of the
azurin mutants, lending an unacceptable uncertainty to concentra-
tion measurements. The reverse rate constants may, however, be
calculated via eq 1:

K ¼ k12
k21

ð1Þ

Concentration dependences of the extracted rate constants are
linear (Figure S2), indicating that the observed process is
intermolecular ET.
Activation parameters were calculated from temperature de-

pendences of the rate constants from 10 to 30 �C (Table 2,
Figure 4). Notably, the C112D/M121L protein displays a 2
order-of-magnitude increase in the rate constant for reaction with
WT azurin over that for C112D at 298 K, with k12 = 30 800 M�1

s�1 as compared to 260 M�1 s�1. The temperature dependences
of these rate constants show that the greater reactivity of C112D/
M121L azurin is attributable to a variation in activation enthalpy,
which within error is decreased substantially (12 kJ mol�1)
relative to the C112D protein. The activation entropies for ET
reactions of the two proteins are virtually identical.
Intramolecular electron transfer was triggered by a pulse

radiolysis (PR) method. PR produced CO2
� radicals that reduce

the disulfide bridge as well as the CuII site of the two azurins. As
the type 2 and type zero CuII sites exhibit relatively weak
absorptions in the visible region, only formation and decay of
the disulfide radical could be followed. A protein concentration-
dependent increase in absorption was monitored at 410 nm in
the microsecond time range for both mutants, reflecting RSSR�

radical anion formation attributable to second-order reduction

Table 1. EXAFS Simulationsa

fit number path CN R (Å) σ2 F

1 Cu to N/O 3 1.96 0.00697 0.43

2 Cu to N/O 4 1.969 0.00956 0.47

3 Cu to N/O 3 1.95 0.00695 0.37

Cu to N/O 1 2.45 0.00521

4 Cu to N/O 4 1.95 0.00954 0.42

Cu to N/O 1 2.45 0.00553

5 Cu to N/O 3 1.95 0.00697 0.32

Cu to N/O 1 2.45 0.00512

Cu to N/C (MS) 4 4.17 0.0031

6 Cu to N/O 4 1.95 0.00956 0.37

Cu to N/O 1 2.45 0.00538

Cu to N/C (MS) 4 4.17 0.00305

7 Cu to N/O 4 1.95 0.00955 0.36

Cu to N/O 1 2.44 0.00539

Cu to N/O 1 3.28 0.00617

Cu to N/C (MS) 4 4.16 0.0029

8 Cu to N/O 3 1.95 0.00694 0.3

Cu to N/O 1 2.45 0.00486

Cu to N/O 1 3.28 0.00594

Cu to N/C (MS) 4 4.16 0.00299

9 Cu to N/O 1 1.94 0.00154 0.29

Cu to N/O 1 2.06 0.00246

Cu to N/O 1 1.91 0.00577

Cu to N/O 1 2.46 0.00495

Cu to N/O 1 3.28 0.00628

Cu to N/C (MS) 4 4.17 0.00323
a EXAFS were fit in OPT20 using paths calculated by FEFF7.22,23

Coordination numbers (CN) were held constant, while distances (R)
andDebye�Waller factors (σ2) were allowed to float. Errors in distances
were estimated to be 0.02�0.03 Å and 25% for coordination numbers.
Fits were performed over the entire (0�6.0 Å) Fourier transform
window. Goodness of fit is measured by F, defined as
[(∑i

n[ki
3(EXAFSobs � EXAFScalc)i])

2/n]1/2.

Figure 3. Time courses of 630 nm absorption changes due to reactions
of (a) 14 μMCuIWT azurinmixed with 405 μMCuII C112D azurin and
(b) 13.5 μMCuI azurinmixed with 270 μMCuII C112D/M121L azurin.
Both traces represent reactions at 25 �C in 100 mM sodium phosphate,
pH 7.0. Fits to reversible bimolecular reactions are overlaid in black.
Fitting parameters to 5 half-lives for (a) 405 μM CuII C112D azurin
mixed with 9.6 μMCuI WT azurin (14 μM by A280) at 298 K; k12 = 360
M�1 s�1 with K12(298 K) = 0.0081; and (b) 270 μM CuII C112D/
M121L azurin mixed with 13.5 μMCuIWT azurin (13.5 μMby A280) at
298 K; k12 = 36 200 M�1 s�1 with K12(298 K) = 0.41.
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by CO2
� radicals. This diffusion-controlled bimolecular reaction

was followed by RSSR� reoxidation in themillisecond time range
(Figure 5). The observed reoxidation rate constants were found
to be independent of both protein and CO2

� radical concentra-
tions, as would be expected for intramolecular ET from the
disulfide radical anion to CuII. In accord with this interpretation,
the only reaction observed when ZnII azurin mutants were
similarly reacted with CO2

� radicals was bimolecular dismuta-
tion of the RSSR� radicals (Figure S3).
The temperature dependences of RSSR� to CuII intramole-

cular ET rates were examined for both azurin mutants in the
4�45 �C range at pH 7.0 (Table 3, Figure 6).
In contrast to rate constants obtained from stopped-flow and

electrochemical14 experiments, ET fromC3/C26RSSR� is slower
by a factor of 2 for C112D/M121L as compared to C112D azurin.
A marked drop is again observed in the activation enthalpy.

’DISCUSSION

The semiclassical ET theory for reactions between spatially
fixed and oriented donors and acceptors provides a framework
for analysis of rate constants, eq 2:30

kET ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4π3

h2λkBT

s
H2

AB exp
ðΔGo þ λÞ2

4λkBT

( )
ð2Þ

In eq 2, h is Planck’s constant, kB is Boltzmann’s constant,T is the
temperature (K), HAB is the electronic coupling between reac-
tants,�ΔG� is the driving force for electron transfer, and λ is the
reorganization energy. When the driving force of the reaction

equals the total reorganization energy, the rate constant reaches
its maximum value, kMAX. HAB

2 decays exponentially with the
separation distance; as such, we can estimate kMAX from eq 3:

kmax ¼ 1� 1013 expf�βðr � r0Þg s�1 ð3Þ
where r is the donor�acceptor distance and r0 is the value of r for
donor and acceptor in direct (van der Waals) contact; the

Table 2. Intermolecular Rate Constants and Activation
Parametersa

C112D C112D/M121L

k12 � 283 K, M�1 s�1 80 (12 700) 9700 (24 800)

k12 � 288 K, M�1 s�1 120 (17 700) 18 100 (45 700)

k12 � 293 K, M�1 s�1 170 (23 100) 23 400 (58 200)

k12 � 298 K, M�1 s�1 260 (32 400) 30 800 (75 400)

k12 � 303 K, M�1 s�1 460 (53 100) 41 200 (99 400)

ΔHq (kJ mol�1) 58( 4 46( 5

ΔSq (J mol�1 K�1) �2( 13 �3( 15
aReverse rate constants [eq 5] are indicated in parentheses.

Figure 4. Temperature dependences of the second-order rate constants
for reactions of WT protein with C112D and C112D/M121L azurins.

Figure 5. Transient absorption monitored at 410 nm following 0.3 μs
pulse of 10 mM sodium phosphate/100 mM sodium formate pH 7.0
solutions of (a) 40.5 μMC112D azurin at 35 �C and (b) 60μMC112D/
M121L azurin at 17 �C. Fits corresponding to formation of RSSR� and
its subsequent decay by ET to CuII are overlaid in black.

Table 3. Intramolecular ET Rate Constants and Activation
Parameters

C112D C112D/M121L

kPR � 281 K, s�1 35

kPR � 283 K, s�1 54 37

kPR � 286 K, s�1 45

kPR � 290 K, s�1 112 52

kPR � 297 K, s�1 123 61

kPR � 309 K, s�1 228 99

kPR � 315 K, s�1 329 110

ΔHq (kJ mol�1) 34.8( 4.0 22.6( 1.0

ΔSq (J mol�1 K�1) �88( 8 �135( 4
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generally accepted value for r0 is 3.0 Å. A timetable for activation-
less electron tunneling in β-sheet proteins establishes a coupling
decay constant of β = 1.1 Å�1.31 A much greater value, β = 1.6
Å�1, has been determined for tunneling through water
molecules.32 λ for donors and acceptors can be determined by
the Marcus cross-relation, eq 4:

λTOT ¼ λD
2
þ λA

2
ð4Þ

where λTOT is the total reorganization energy for the ET
reaction.

To obtain estimates of ET parameters from eqs 2 and 3, we
first converted the second-order rate constants to first-order
values eq 5:

kese ¼ KA 3 kET ð5Þ
whereKA, the ET complex association constant, was taken to be 1
M�1.27 Extensive study has demonstrated that azurin electron
self-exchange (ESE) occurs through H117, and that the ET
complex is mediated by a hydrophobic patch surrounding this
residue.33,34 The 3D structure of P. aeruginosaWTazurin exhibits
interprotein crystallographic contacts in this region.35 Moreover,
two water molecules that bridge the two H117 side chains have
been shown to enhance the coupling between the copper
centers.36 Because the ET reaction of reduced WT azurin with
oxidizedmutants should approximate ESE, we used CR structural
alignment of C112D and C112D/M121L azurins with WT
protein to model the bimolecular ET complex (Figure 7).
Importantly, the bridging water molecule is conserved in the
mutant structures. Direct Cu�Cu distances are 14.68 and 14.75
Å fromWT to C112D and C112D/M121L azurins, respectively.

Electron transfer rates were calculated with β = 1.0�1.65 Å�1

and variable λ values for the bimolecular ET reactions taking the
Cu�Cu separations for r (Figure 8). A λ of 0.82 eV was used to
calculate λTOT for WT azurin [eq 4].37

We make the reasonable assumption that β for ET between
the two azurin molecules will fall in the range 1.1�1.2 Å�1,31 that
is, somewhat higher than through the protein backbone (1.1
Å�1) but below the value for tunneling through water (1.6
Å�1).32 The value of β in each case is assumed to be invariant
given identical (within error) values of ΔSq for the reactions.
Within the 1.1�1.2 Å�1 range, agreement with experimentally
determined rates requires λ = 1.7�2.0 eV for C112D and λ =
0.4�0.6 eV for the C112D/M121L protein. A lower λ for

C112D/M121L is indicated by the lower ΔHq as well as the
structural similarity of the CuII and CuI sites.

Alternatively, we can refine the ranges for λ using the Marcus
cross-relationship to estimate ESE rates for the azurin mutants
eq 6:30

k12 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
K12K11K22f12

p
ð6Þ

In eq 6, k12 is the observed second-order rate constant for the
reaction between species 1 and 2, K12 is the equilibrium constant
for this reaction (calculated using the reduction potentials of the
reactants), kii values are the self-exchange rate constants, and f12
is taken to be 1. A value of 1 � 106 M�1 s�1 was used for WT
azurin ESE.27,28 Equation 6 gives ESE rate constants of 8.2 M�1

s�1 for C112D and 2.3 � 103 M�1 s�1 for C112D/M121L
azurin. ESE among the WT protein and the two mutants will
depend strongly on λ. Slight differences in coupling of H117 to
Cu may also impact ESE; by EPR,14 C112D was found to have
greater electron delocalization out to its equatorial imidazoles
than C112D/M121L, although C112D azurin ESE is very slow.
Thus, the decreased ESE rate constant for C112D/M121L
relative to WT azurin suggests a modestly elevated λ ≈
0.9�1.1 eV; in accord with this estimate, the dramatically
reduced C112D ESE rate constant further supports a highly
elevated λ. A λ of 0.9�1.1 eV for C112D/M121L best fits the
experimental data with β ≈ 1.0 Å�1, a value that requires a λ of
2.1�2.3 eV for the C112D protein. This relatively high λ is
consistent with values for CuII/I reorganization in unconstrained

Figure 6. Temperature dependences of PR-triggered RSSR� to Cu(II)
ET rates.

Figure 7. Model ET complex for reaction of the WT protein (PDB ID:
4AZU) with (a) C112D (PDB ID: 3FQY) and (b) C112D/M121L
(PDB ID: 3FPY) azurins. 2Fo� Fc electron density maps are contoured
at 2σ over the active sites and corresponding bridging water molecules of
the mutant azurins. Nitrogen atoms are blue; oxygen atoms are red.
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complexes: for example, the λ for CuII/I (1,10-phenanthroline)2
is 2.4 eV, and the λ for unfolded WT azurin is approximately the
same.38,39

With estimates for λ, we now turn to the pulse radiolysis data.
ET from the RSSR� radicals to CuII in WT azurin likely involves
two coupling pathways (Figure 9).40 The first pathway follows
the backbone fromC3 to a hydrogen bond fromN10 toH46 that
is coordinated to CuII. Coupling along the second pathway,
which involves several hydrogen bonds and a through-space
jump from V31 to W48, is enhanced at its terminus by the
relatively strong interaction to CuII through the C112 thiolate.41

Because the coupling along this pathway would be expected to be
greatly diminished by the C112D mutation (the “Solomon
weight” of the aspartate carboxylate oxygen to Cu coupling is
approximately 10% that of the native cysteine thiolate),41,42 the
rates of C112D and C112D/M121L ET reactions likely depend
on the strengths of interactions among groups that make up the
H46 route.

The activation parameters determined for intramolecular
ET lend further support to a lower λ for C112D/M121L azurin
than for the C112D protein. λ has been estimated to be∼1.2 eV
for the azurin disulfide.37 Using λ = 0.9�1.1 eV for C112D/
M121L, with r � ro = 23.8 Å and �ΔG� = 0.691 eV, agreement
with experimental data was found for β = 1.0 Å�1 (Figure 10).
With λ = 2.1�2.3 eV for C112D, r � ro = 23.2 Å, and �ΔG� =
0.590 eV, β = 0.8 Å�1 is required to match the observed rates.

Figure 8. β-dependence of ET rate constants between WT and (a)
C112D azurin with λ = 1.6�2.4 eV (�ΔG�= 0.124 eV, r� ro = 11.68 Å)
and (b) C112D/M121L azurin with λ = 0.4�1.2 eV (�ΔG� = 0.023 eV,
r � ro = 11.75 Å) at 298 K. The red lines are the experimentally
determined rate constants for ET through the encounter complex.

Figure 9. Calculated ET pathways from the C3 sulfur to copper inWT P.
aeruginosa azurin (PDB ID: 4AZU). The H46 pathway (magenta) likely is
themajor coupling route inC112D andC112D/M121L azurins. TheW48
pathway, which featuresmany noncovalent elements, could be competitive
with theH46 route inWT azurin, due to Cu�S(C112) covalency.Oxygen
atoms are red; nitrogen atoms are blue; sulfur atoms are yellow.

Figure 10. β-dependence of RSSR� to CuII ET: (a) C112D azurin with
λ = 2.1�2.3 eV (�ΔG� = 0.590 eV, r � ro = 23.2 Å); (b) C112D/
M121L azurin with λ = 0.8�1.0 eV (�ΔG� = 0.691 eV, r� ro = 23.8 Å)
at 298 K. The red lines are the experimentally determined intramolecular
ET rate constants.
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A larger β for C112D/M121L PR ET is consistent with the
highly unfavorable ΔSq relative to that for C112D. At present,
we have no definitive explanation for the decreased coupling
in the double mutant. CR structural alignment of C112D
with C112D/M121L reveals almost perfect superposition of
the β-strands from C3 to N10. The N10 hydrogen bond
to H46 is slightly longer in C112D/M121L (2.84 Å) than in
C112D (2.58 Å), but such a small distance change would not be
expected to dramatically attenuate the ET coupling. Differences
in coupling of H46 to Cu may play a role. Another possible
explanation is that there is destructive pathway interference from
C3 to CuII in the double mutant, due to realignment of
D112�Cu coordination, thereby disfavoring distant electron
transfer.41

’CONCLUSIONS

The active site of type zero C112D/M121L azurin has D112
hydrogen bonded to N47 and F114 backbone amides. These
hydrogen bonds form a network of outer-sphere structural
constraints (the “rack”) that account for the low λ of the WT
protein. This network is not present in the C112D mutant. In
accord with rack predictions, EXAFS data demonstrate that the
C112D/M121L active site geometry is virtually the same in both
Cu oxidation states. In contrast, the C112D copper site under-
goes ligand loss and a∼0.2 Å expansion in its inner coordination
sphere upon reduction from CuII to CuI. Analysis of ET kinetics
from stopped-flow and PR experiments indicates a much lower
reorganization energy (0.9�1.1 eV) for the structurally con-
strained copper center in C112D/M121L azurin, as compared to
>2 eV for the C112D protein.
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